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A h t r~c t -Internal current-collection efficiencies greater than 90 percent and energy-conversion efficiencies of 18-percent at 30 suns have been measured on a laboratory version of the interdigitated back contact (IBC) solar cell. The quantum efficiency at 600 nm was greater than 90 percent which implies a minority carrier lifetime of greater than 350 psec and a front surface recombination velocity of less than 30 c d s e e on the better devices. The processing steps on which the high-current collection in the IBC cell depends will he discussed.
he interdigitated back contact (IBC) solar cell structure has several potential advantages over conventional cell designs especially for high-intensity applications. Among these are no shadowing loss due to the collecting grid, lower electrode resistances, and the absence of sheet resistance effects arising from lateral current flow in diffused regions. A possible disadvantage of the IBC structure is that electronhole pairs are generated far from the collecting junction, making long minority carrier lifetimes in the bulk of the cell essential for high-efficiency operation. Nevertheless, cells have been fabricated at Sandia National Laboratories with -90 percent current-collection efficiency and an energyconversion efficiency of 18 percent at 30 suns. A description of cell performance with an emphasis on current collection is the topic of this letter.
A cross section of the cell structure is shown in Figure 1 . The front surface has a SiN, antireflection coating and various silicon surfaces have been passivated by a thermally grown oxide layer. The base material of the present cell is 1CM1-cm FZ, n-type silicon of 300 pm thickness. The p" and n' regions are formed by gaseous source diffusion of phosphorous and boron. The basic cell design and previous work have been presented by R.J. Swartz. [ l ] .
For this structure, most of the minority carriers are generated in the top 100 pm of the substrate material and must then diffuse to the back junction. In order to have highcurrent collection efficiency in this cell, the minority carrier diffusion length in the bulk material must be long compared to the thickness of the wafer, and recombination at the silicon surfaces must be low.
Initially, a 10 O-cm base has been used to obtain long minority carrier lifetime (7) and diffusion length, especially for the 300 pm thick wafers. Phosphorous gettering dia [4], [5] and similarly in this cell structure. A low front surface recombination velocity was obtained by growing a 300 A thick front surface thermal oxide followed by a forming gas anneal at 450 "e. The forming gas anneal is essential to good surface passivation. Passivation at the back surface between the interdigitated contacts is also necessary. This was accomplished by using a thermally grown oxide of 300
A thickness both between the fingers and over the diffused layers.
Since the minority carrier diffusion length is long, a high surface recombination velocity at the edge of the cells (produced when they are separated from the full wafer) produces appreciable minority carrier recombination rates. For these long diffusion lengths approaching 1 mm, this effect can produce a substantial loss in current at the cell edges for the typical cell sizes (1.3 cmz for the devices in this study). In order to separate the edge losses from intrinsic device performance, the cell perimeter was optically masked leaving an illuminated area of .54cm2. The current density and energyconversion efficiency are determined for this area. Thus the results which follow may be considered "laboratory" performance. On the other hand, the illumination pattern in the cell is quite similar to that expected in a point focus concentrator system, wherein a dark band is desired around the cell periphery to prevent light loss. These results thus represent efficiencies obtainable in a likely application for the IBC cell.
The better cell had Jsc values of 34 mA/cm2 (with the cell masked at a illumination level of 100mW/cm2, -AM1 spectra) compared to maximum calculated values of 42.5 mA/cmz. After accounting for reflection losses (-12 percent), the overall current collection efficiency equals 90 percent. This indicates that the cell has a long minority carrier lifetime. The normalized quantum efficiency, QE, at short wavelengths ( Figure  2 ) also support this conclusion. At a wavelength of 600 nm, the absorption depth is less than 2.0pm. The generated carriers must diffuse the wafer thickness of 300 pm and yet when compared with the total current collection data the QE is about 90 percent or greater; a result possible only with diffusion lengths on the order of 1 mm.
TO estimate the values for the minority carrier lifetime and surface recombination velocities from the QE, the transport equations were analytically solved in one dimension. In this solution of the transport equation, the concentration of minority carriers at the back surface was assumed to be zero. A plot of normalized QE (at 600 pm) as a function of 7 is shown for different values of surface recombination velocity in Figure 3 . Since the QE of the cell at 600 nm is greater than .9, the minority carrier lifetime is greater than 350,psec and the surface recombination velocity is less than -30 cm/sec as shown in Figure 3 . This lifetime corresponds to a diffusion length of about 700 pm, more than twice the cell thickness. These values are in agreement with lifetimes obtained on the better BSF cells processed in a similar manner and from the same base material [ 5 ] , It must be noted, considerable care in processing is necessary to obtain these long minority carrier lifetimes. Furthermore, the sensitivity of T to processing and unknown parameters may present problems in obtaining high processing yields.
These results show that the first two conditions for highcurrent collection (i.e,, long 7 and low front-surfaces recombination velocities) in this structure are met. Furthermore, the passivation of the back surface is also critical to the cell current collection. Cells fabricated without the thermal oxide on the back surface were found to have current collection reduced by -15 percent from that of cells with a thermal oxide.
As shown in Figure 4 , the efficiency of a cell with edges masked peaks at 18.1 percent at 30 suns. This cell has the highest reported efficiency for an 'IBC type cell. Above 30 suns the efficiency decreases due to a decrease in fill factor (Figure 4) with increasing concentration. Low series resistance is expected for this type of cell; however, the rapid decrease of fill factor above 30 suns indicates that the nc and p' diffusion widths are not yet optimized. Redesign efforts are continuing to alleviate this problem.
In summary, a laboratory version of an IBC cell has been fabricated which exhibits 90 percent internal-currentcollection efficiency and a maximum energy-conversion efficiency above 18 percent. Although the design is far from optimized, the technical problems associated with current collection in such a device have been essentially solved in that high-current collection has been demonstrated in the better devices. The performance level of this cell is competitive with state-of-the-art conventional cells. Fig. 4 . The efficiency and fill factor of an IBC cell (1.28 cm' active area with a .54 cmz illuminated area) plotted versus concentration at 27OC. The edges of the cell were masked for this measurement to reduce edge effects, and thus the illumination pattern is quite similar to that expected in a point focus concentrator system.
